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proteins, have been  studied by Oster and- co-
workers336, In the treatment of proteins the

mechanism was not defined, but the method was .
said to be applicable  to keratins, collagens, silk,

hair and leather. Recently, Ishibashi and Oku3?
have utilized this technique for the photochemical
graft copolymerization-of styrene on to wool. .

Needles®:3® and Needles and Wasley% reported

the riboflavin = sensitized photopolymerization
of low concentrations. of aqueous acrylic mono-
mers in the presence of proteins like wool, silk
and collagen:or amino acids. He obtained evid-
ence of grafting by extraction . methods and
enzymatic digestion -of the  protein backbone
" from the graft copolymer and the physical mixture
of gelatin and homopolymer. .Chemical and physical
characterization of the protein-polymer products
revealed that only a small number of initiation and
grafting sites were present in the protein. It was
suggested that these photopolymerizations proceed
via a free radical pathway involving abstraction of
hydrogen from the protein by dye intermediates.

Grafting of methyl methacrylate (MMA) on to
collagen using benzoquinone as a photosensitizer
has been recently reported by Kudaba et al.4.
Grafting was carried out by adding 5%, benzoqui-
none to collagen, then mixing collagen with aqueous
solution of MMA in the ratio 1:2, and irradiating
the mixture with quartz lamp. The ungrafted
homopolymer was washed out with acetone and
the amount of MMA in the graft copolymer was
obtained from its nitrogen content as compared to
that of collagen. The influence of a number of
factors on the extent of grafting was also investi-
gated by them. )

Chemical Redox Methods

Potassium  persulphate method — Madaras and
Speakman?? illustrated the use of persulphate in
initiating graft copolymerization in proteins. They
found that when wool was treated with persulphate
and methacrylic acid at 25°C for 1 hr, large amounts
of polymer were formed. Lohani et 4l.%% poly-
merized acrylonitrile in wool using persulphate as
initiator within a short. time in the presence of air.
Persulphates altered the mechanochemical properties
of wool, e.g."set, super-contraction, to a much
greater extent than the hydrogen peroxide-ferrous
ion initiator system. Wolfram and Speakman44
discussed the mechanism of initiation of polymeri-
zation - of - acrylonitrile within wool fibres.. They
questioned _ the validity of the hypothesis that
polymerization was initiated within the protein by
free radicals by the action of persulphates on
cystine and put forward the hypothesis that poly-
merization was initiated by a different mechanism.
They concluded that the persulphate ion concentra-
tion inside the fibres greatly exceeded that in the
surrounding solution and thus free radicals ‘were
formed preferentially inside the fibres (S,03—2S0;),
leading to preferential internal deposition: of the
polymer#. It was shown by the same workers#
that acrylonitrile can be polymerized readily within
the regenerated protein- fibre (fibrolane), but not in
wool, in which basic groups have been blocked nor

- in wool which- has-beén oxidized by peracetic acid

using persulphate initiation technique.

Casein®-4 has been modified by persulphate-
catalysed polymerization with various vinyl com-
pounds, but whether a graft copolymer was obtained
or not is not clear.

Recently, Wolfram and Menkart% found that the-
deposition of vinyl polymers in wool can be accom-
plished in the presence of air using tetrakis-hydroxy-
methyl phosphonium chloride (THPC) as an oxygen
scavanger in persulphate initiated - polymerization. -
The principal variables of the process, like initiator
concentration, THPC concentration, monomer
concentration, etc., and. the properties which may
be imparted to wool were mentioned. The above
method was successfully utilized in polymerizing
acrylonitrile on to collagen, but this method was
found to' be unsuitable with other vinyl monomers
(Panduranga Rao, K., Thomas Joseph, K. &
Nayudamma, Y., unpublished work). Khismattul-
lina et al.5! and other workers®® used the potassium
persulphate initiation technique to synthesize graft
copolymers of gelatin and vinyl monomers. They
presumed that the graft copolymer was formed by
radical polymerization at active centres formed on
the gelatin molecule by chain transfer.

Although persulphate has been used to initiate
free radical polymerization of acrylates on wool,
little is known of the nature of the attack by per-
sulphate  on- wool protein. Needles®-% reported
that the cystine, tyrosine and methionine residues
on wool and silk are easily attacked with per-
sulphate. Persulphate is known to yield sulphate
and hydroxyl free radicals on thermal decomposition
in aqueous solution. - In the presence of an oxidiz-
able substrate, induced free radical decomposition
occurs?8:57, ' '

H,0 .
18,02 —— SOy ——> OH.+HSO"

SOy S,0%
—— X.4+HSO0; or H,O ——

or OH.
X—0803 4 SO, — etc.

X—H

" where X—H denotes the oxidizable substrate.

Needles’” presumed that peroxydisulphate attack
on gelatin occurs via such an induced free radical
decomposition forming reactive groups in gelatin
that are capable of crosslinking or degradation. ,

Silver persulphate initiation’® cannot be easily
confined inside the wool fibres, since the persulphate
ion breaks down at a significant rate even in the
absence of silver ions to form free radicals in the
monomer solution which produces homopolymers.

Ferrous ion-hydrogen peroxide method — It is pre-
sumed that polymerization is initiated on the wool
molecule in the presence of ferrous ion-hydrogen
peroxide system as a result of the formation of
R—S radicals derived from initiation attack at the
disulphide bonds®-61, The ferrous ion-redox system
has been applied successfully for the grafting of a
number of polymers on to wool, viz. methacrylic
acid®?, methacrylamide®, - vinylidene = chloride®!;
methyl and ethyl acrylate®® and methylé2.63, ethyl
and #-butyl®® methacrylates, as well as ‘copolymers
prepared. from the “mixtures of thesé monomers.



Recently, the féfr,q'us ion-peroxide system ‘of Lipson

and Speakman® was used to graftiacrylic acid and

AN on wool by Leeder et al.%4 to study the effect of
vinyl polymers on water absorption in particular.
D’Arcy et al.% studied the influence of some factors
‘on the yield of polyacrylonitrile polymerized 4n situ

within wool fibres: by means: of ‘the’ ferrous ion-

hydrogen peroxide initiator system.

Recently, Kudaba and Ciziunaite®®s” used the

ferrous - ion-hydrogen peroxide ' redox system . to
_graft acrylamide (AA), AN and vinyl acetate on to
collagen. Collagen powder was pretreated with
ferrous ' ammonium sulphate  solution and then
treated with aqueous solutions or emulsions of the

monomers and hydrogen peroxide. - The homopoly-

mers - formed were removed by extraction with
“suitable solvents. - The optimum conditions of graft-
ing varied from monomer to monomer. The per-
centage of grafting increased significantly at elevated
temperature (60-70°C) in the case of acrylamide and
acrylonitrile, but in the case of vinyl acetate maxi-
mum grafting was achieved .at low  temperature.
It is, however, likely that collagen may undergo
denaturation at the higher temperatures -used by
Kudaba and Ciziunaite®t.

Hydrogen peroxide is known to react with wool,
causing rupture of disulphide and peptide bonds

and the reaction is greatly catalysed in the presence

of heavy metal ions®  Deasy™" and Deasy
and Ernst?”® have shown that metal ion-hydrogen
peroxide systems attack - collagen, solubilizing
it at room temperature:even at low concentra-
tions of hydrogen peroxide and metal ions. It was
found that low concentrations of Cu?*, Fe?",
Cr3* and Cry0% (but not Ce?*, Ni** or Mn?')
in the presence of hydrogen peroxide cause:com-
plete or partial solution of steer hide corium
collagen at room temperature. It is, therefore,
doubtful whether all the metal ion-hydrogen per-
oxide systems can be utilized for grafting on to
collagen without- degrading its native structure.
Ceric jon techwique — Ceric salts are capable of

oxidizing a large number of organic compounds,

such as alcohols, aldehydes, amines and - thiols™
and producing free radicals which may initiate
polymerization. The system most studied is that
comprising Ce#* and an alcohol, which react: as
follows: )

Ce#+RCH,0OH = Complex - )
C.és_*—l—H*-l—Rﬁ(}HOH or (RCH,0)

It is not certain whether the hydrogen is abstracted
from a carbon or from the oxygen atom. At any
rate, radicals are produced on the polymer and
monomers can be grafted thereon. It is only in the
last few years that this reaction -has been exploited
for this purpose, notably by Mino and coworkers-"
and by several other investigators™-83. Most of
this work has been on the modification of cellulose
fibres, but the technique is- of wide applicability.
This method of grafting has been extremely effective
with polyvinyl alcohol (PVA), partially hydrolysed
polyvinyl-acetate and starch as polymeric backbones
for obtaining ‘grafts with several vinyl -monomers.
However, very little information is available on the
grafting of vinyl monomers on to proteins using the

ceric ion -technique.  This technique has been
recently employed by several workers®4#? for ‘the
grafting -of - certain: vinyl ‘monomers on collagen.
The influence of different ‘factors, 'such as time,
temperature, - ‘monomer concentration, ceric ion
concentration, etc:, on the content ‘of graft has been
investigated. . The' concentrations ‘of the monomer
and the"catalyst: are important factors influéncing
the percentage of grafting®®.: Therate of diffusion of
the monomer into collagen also appears to be an
important - factor ‘affecting the degree of grafting
and -this-factor’ is  dependent - upon the ‘state -of
collagen; swollen and . solubilized - collagen grafts
more ‘of the monomers than insoluble collagen.
To establish the proof of grafting unequivocally as
opposed: to" an intimate: mixture where no primary
chemical bonds  exist bétween collagen and the
polymer,  several . lines of evidence -were . sought.
The-different lines-of evidence obtained in this study
indicated  that the copolymers" obtained by. ceric
ion initiated free radical: polymerization -of vinyl
monomers on collagen are not physical mixtures of
collagen and ‘the homopolymer. Indications that
these products are true grafts are provided by the
solution: - properties of - the isolated = products,
their general behaviour in respect of swelling in
different solvents and also by the infrared spectra
of the isolated grafts. Graft polymerization of
MMA on a 'number of :modified: collagens was also
studied®” .in order to elucidate ‘the mechanism of
the oxidation of collagen -and to determine the
grafting sites on collagen using the ceric ion tech-

‘nique. - The data obtained on the grafting of vinyl

monomers on- different: modified collagens did not

‘provide any unequivocal proof on: the natuge of the

functional group involved as the grafting site. The
number of  grafting sites obtained in the case of
unmodified collagen ‘indicated that the  grafting
reactions involved only a small proportion of the
collagen molecules. - However, the general trend of
the results obtained with modified collagen samples
indicated. that hydroxy amino .acid residues and-
the peptide backbone of the protein may provide
sites for the initiation of the grafting reaction.
Recently, graft copolymerization on to proteins
by the ceric ion method has been reported by
Iwakura and Imai®®8. Methyl methacrylate and
acrylamide were grafted on to ovalbumin and the
graft copolymerization was extremely rapid and
seemed to be complete within 5 min under the
conditions ' adopted. It was  indicated - from the

‘studies on the grafting site, that the carbohydrate

residue is a possible grafting site on ovalbumin.
The results of grafting experiments revealed that
only a limited part of ovalbumin participated in
grafting. In the case of bovine serum albumin
(BSA)®, the number of grafting sites was found to
be only 0-02-0-3 mole/mole using the ceric ion.
method.  Deénaturation ‘of the protein ~molecule

“affected the grafting reaction to a great extent.

The most probable grafting sites on BSA were
assumed to be the cysteine and cystine residues.
Recently, -Sugiyama and Murase®® and Song ef
al? teported graft copolymerization of AA and
methacrylamide on to silk using the ceric ion"tech-
nique.  The effect of various factors like.monomer



concentration initiator concentration, reaction
period, temperature and pH of the reaction system
on percentage grafting was studied. By comparing
the  solubilities in Schweitzer’s reagent and from
the infrared spectra of silk and grafted silk, it was
shown®® that a true graft copolymer was formed.
The dry crease recovery of grafted silk increased
with percentage grafting, but the wet crease re-
covery of grafted silk did not change®!.

Recently, several other redox systems have been
tried for grafting studies. The following initiators
deserve mention in this connection: Mn3* (ref. 92, 93),
V5* (ref. 94-96), Ti3* (ref. 97), the uranyl cation?.9
and the periodatel®.101 and bromate anionsi®2.
Sadova and Konkin® recently reported the grafting
of vinyl monomers to wool keratin using vanadium
(V5*). The effect of reaction period, temperature
and the concentrations -of HVO,; H,S0, and
the monomer on graft copolymerization of wool
with AN, MMA and acrylic acid was studied. The
mechanism of graft copolymerization was studied
on model systems to elucidate the grafting sites on
wool using AN and MMA and various amino acids.
It was concluded that the S—H groups of cysteine
and indole NH groups of tryptophan present in
wool take part in graft copolymerization.

Of the known initiators available for grafting,
the ceric ion-redox system appears to be the best
initiator for grafting on proteins, since in this case,
the backbone substrates are degraded to the mini-
mum extent and the formation of homopolymer is
also negligible. However, some of the other redox
systems, such as Mn3*, V5* Ti3* etc., are only of
recent origin and further work is necessary to make

a critica] assessment of the usefulness of these initia-

tors for grafting on proteins:.

Lithium  bromide-potassium - persulphate method —
Negishi ét:al.10%104 found that the aqueous redox
system containing -bromide and persulphate ions
can be utilized effectively for the graft copoly-
merization of various acrylates in wool fibres at a
relatively low temperature and without homopoly-
merization. Grafting was more effective with
reduced  wool than with untreated wool. The
initiation of graft copolymerization in the bromide-
persulphate redox system is presumed to be through
the formation of free radicals by the following re-
actionl®4:

Bt +4-'S,05 — Br.+ SOy -+ SO%-

SOy + H,0 — HSO; 4+ OH

Bt -+ Bt — Br,
Thus, radicalotropy to thiol groﬁps on wool from
the sulphate ion and the hydroxyl and/or bromide

radicals might occur. - :
The grafting of vinyl monomers to skinl,

‘gelatin10.107, casein??49, zeinl%8,10% goyabean pro--

tein!l® and certain inedible proteins!! using certain
redox systems is described in a number of patents.

Anionic Initiation

There are a number of monomers which cannot
be polymerized by free radical initiators, but which
do polymerize under ionic conditions, Krull and

Friedman'!? investigated the anionic graft copoly-
merization of methylacrylate (MA) to-a variety of
model compounds and to wheat gluten in dimethyl
sulphoxide (DMSO) in the presence of sodium
hydride. = Initiation proceeded by an anionic mecha-
nism and the rate determining step was the produc-
tion of the initially formed carbanion. Studies on
several series of model compounds containing the
functional groups present in proteins and amino
acid analysis indicated that the functional groups of
amino acids like histidine and arginine as well as
cysteine and tyrosine and the peptide bonds were
acting as the initiation sites in proteins. - The func-
tional groups of threonine, serine and lysine were
also involved to a great extent. With both the
model compounds and the proteins, ' polymerization
was initially rapid and then levelled off, although
the rates depended on the concentrations of the
activator and the acrylate. '

Aqueous Emulsion Grafting Technique

Because many of the vinyl esters have limited
water solubility, an emulsion polymerization tech-
nique has great practical significance. Ishibashi and
Oku'® carried out aqueous emulsion graft poly-
merization of styrene to wool. The effects of the
type of initiator used, temperature and period of
grafting on the extent of grafting were examined.
The rate of grafting increased with increase in
grafting period and temperature. Benzoyl peroxide
was found to be more effective than potassium
persulphate and a mixture of nonionic and anionic
surfactants was more promising as an emulsifier
compared to other surfactants. Simpson and

Vanpelts® tried to graft AN, to wool using an

emulsion technique by ‘the catalyst bis-acetonyl
acetonato copper®-trichloroacetic acid [Cu{acac),-
TCA], but failed.

The aqueous solution technique followed for the
grafting of vinyl monomers on to collagen powder
and collagen solution was found to be unsuitable
for grafting on to the three-dimensional network
structure of pelts (hide collagen). Panduranga
Rao!* was able to successfully graft various vinyl
monomers on goat skins using the ceric ion aqueous
emulsion technique. However, the choice of the
emulsifier for the synthesis of graft copolymers with
the salts of Ce** is very limited. The emulsifier
used must not be oxidized by Ce?*. Otherwise, the
polymerization of the monomer would be initiated
by the system emulsifier-Ce4* with the formation
of a homopolymer. - ,

The omission of an additional emulsifier is a
critical factor, since the emulsifier would favour
homopolymerization rather than graft copolymeri-
zation. To prevent excessive homopolymerization
of the added monomer the amount of the additional
emulsifier should be kept minimum.” Too much
emulsifier leads to the formation of micelles in the
aqueous phase and this generates normal emulsion
polymerization15,

Vapour Phase Technique

" Radiation grafting of vinyl monomers on to
wool and silk has been studied by Armstrong
and Rutherford'® using a mutual vapour phase
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of polymerization. In general, cationic surfactants
are used less frequently for acrylic emulsion poly-
merization. Many vinyl monomers may be poly-
merized in an aqueous emulsion (prepared with a
small percentage of the fatty acid soap or detergent)
containing a water-soluble source of free radicals.
 Inhibitors and vetarders — Various substances can
reduce the rate at which a'monomer is .converted
to a polymer.. Inhibitors completely suppress poly-
merization, while retarders reduce the rate of
polymerization. Inhibitors react very readily with
the primary radicals to give unreactive products,
so that the growth of the polymer chains cannot
begin. The inhibitor is gradually consumed and
ultimately - polymerization starts. ' Inhibitors like
hydroquinone are commonly used to stabilize
monomers during storage. - Retarders are, in gene-
ral, less reactive than inhibitors; the additive reacts
with the radicals only after some monomer units
have been added to the primary radical, so that
polymerization is not completely stopped.

Many investigators!?6181 observed that molecular
oxygen was a strong inhibitor of aqueous or emul-
sion graft copolymerization. In peroxydisulphate’??,
peroxide, and H,0,-metal ion'®® and ceric ion-redox
initiation system'®¢, the presence of oxygen has an
inhibiting effect on the aqueous and aqueous emul-
sion polymerization of many monomers. The in-
stability of the free radicals in oxygen atmosphere
in many cases limits the utilization of the graft
polymerization technique on an industrial scale.
Careful engineering is also required to eliminate the
introduction of impurities or contaminants which
may inhibit or retard graft copolymerization. Metal
ions!®® and the sulphur compounds found in rubber
tubing?3¢--may - also -inhibit " the polvmerlzatlon re-
actions. Of the common metals only aluminium
was found not to be injurious. Hydroqu1none137 1138
and nitrobenzene!®®143 and other aromatic nitro
compounds were found to retard graft copolymeri-
zation. Burke ef al.17 reported that the free radicals
produced when wool is irradiated by gamma rays
are stable only in the absence of oxygen. The
radicals decay almost as rapidly as they are formed
in air. Lohani et al1** found that oxygen acts
more as a retarder of the reaction than as a com-
plete inhibitor in’ grafting wool using ammonium
persulphate initiator. Although higher yields are
obtained in nitrogen, adequate polymer yields are
obtained even in air.
~ Pretreatment — The function of pretreatment is
twofold: (1) removal of the foreign materials such
as wax or grease from the surface, and (2) modifica-
tion of the fibre surface. Microscopic examination
has shown4® that pretreatment of wool fibres assists
the spreading of preformed polymers on the surface
of the fibres, and thus enables the desired properties
to be obtained with only small amounts of the
polymer (1-29,). The pretreatment conditions and
the compound used for pretreatment also affect the
polymerization reactions.

Valentine$! has shown that the type of wool used
and the pretreatment history of the wool have a
marked influence on the deposition of polymers
inside the fibres. - In grafting of vinyl monomers on
to pelt (hide collagen) the removal of wax or grease

was found necessary!4. ‘Wax or grease may hinder
the diffusion of monomer into the pelt in some
way, and hence the removal of natural grease from
its interfibrillary spaces enables more even penetra-
tion and action of monomers.

Physical state of. the substrate — The physical state
of the substrate8?:146 (whether swollen or faccid) and
its compactness, the availability ‘and accessibility
of the reactive protein groups of different types,
the polarity of the monomer and the number of
grafting sites available in the various functional
groups are important factors influencing the degree
of polymerization and the distribution of ‘vinyl
polymer in the protein structure.

Backbones Especially Susceptible to Chain Transfer

It is often convenient to modify the structure of
the backbone polymer to favour the chain transfer
step leading to graft formation. The data avail-
able in the literature4”-148 indicate that carbon-
halogen and sulphur-hydrogen bonds are more
susceptible to radical attack and transfer than
carbon-hydrogen bonds and by incorporating halides
or mercaptans into the backbone, the ratio of the
chain transfer to chain propagation, on which the
efficiency of the grafting process depends, may be
favourably altered.

- Functional groups, not present in the original
protein, can also be introduced through chemical
modification of the. protein and grafting can be
accomplished through such groups. For example,
vinyl groups can be introduced in proteins by re-
action with maleic anhydride'4?, acrylyl chloride!4?, -
etc., and polymerization of vinyl monomers in the
presence of the vinylated protein: should establish
graft copolymerization. This method ‘has been
used by Speakman and - coworkers!®0:151 in the
case of wool. Reaction with isocyanates's? is also
known to introduce into proteins groups which
will subsequently take part in the polymerization
reaction.

The presence of chemical groups-on modified
cottons could offer sites for increased interaction of
monomers with cellulose upon high energy radiation.
When cotton was modified by cyanoethylation, the
presence of cyanoethyl groups offered sites for
enhanced interaction with monomers upon high
energy radiation'’®. The extent of interaction was
dependent on the degree. of substitution of the
cotton and.the radiation dosage. The number of
grafting sites in collagen was also found to be
significantly increased when collagen: was modified
by vinylation, thiolation, bromination and cyano-
ethylation®?”. Such modified collagens may serve
as useful substrates for studying the mechanism of
grafting and to improve the efficiency of grafting on
collagen.

Conclusion

Graft copolymerization reactions have opened
new lines of approach for improving the properties
of several natural polymers. From the trends in
other industries, such as rubber and textiles, it
would appear that leather will be largely replaced,
by synthetics. Man-made materials -have .slowly



been' invading the - markets tradl onally held *by
leather. Synthetl h:
and insole fields and | th,e upont Company - has
carried out a carefully planned research: pro
to replace shoe  upper and g2 leathe
development poses
“profitable utilization of Hhide
is; therefore, necessary to maintain the competltlve
position of leather and to find new outlets for animal
hldes

" The ‘survival of leather in competition with’
synthetics - lies in the retentlon f {leather as. a:
consumer and
Thence it must be col tan fand nnproved
to retain that status. ' ough leather by itself has:
very desirable properties, there are a few draw-
backs like weight and ‘high water - ‘absorption in
leathers which if removed will further enhance the
‘usefulness of leather and improve its competitive
position with respect to- synthetlcs By graft co-
polymerization it 'is poss1b1e to 1ncorporate the
polymers amidst h1des, skins and leather, which
may give them certam ‘desirable qualities posseseed
by the synthetlcs The appendage .of side. chains
to: protein- fibres may result in the formation of
composite macromolecules whose propert1es may.
differ from those of ‘the original protein. = Graft
copolymerlzatlon thus yields a new tool to be used
in the task of controlling and modlfylng molecular
structure. :

Summary

The wvarious recently developed : radiation  and
* chemical techniques for grafting synthet1c polymers
(vinyl) to proteins are reviewed. The limitations
of some of these methods are ‘discussed. The main
factors influencing the efficiency of graft copoly-
merization and the role of 1nh1b1tors and retarders
‘are also discussed.
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